The maximum tolerated dose for intraperitoneal injection and oral ingestion of thymoquinone was determined in male and female Wistar rats. A range of dose levels of thymoquinone: 20, 30 and 40 mg/kg body weight for intraperitoneal injection and 200, 300 and 500 mg/kg body weight for oral ingestion were tested for acute toxicity in rats. The results showed that the maximum tolerated dose for intraperitoneal injection was 22.5 mg/kg in male rats and 15 mg/kg in females, whereas for oral ingestion it was 250 mg/kg in both male and female rats. There were different signs of toxicity shown in rats which received intraperitoneal injection from those that received oral ingestion of thymoquinone. Rats which received intraperitoneal injection of thymoquinone showed toxicity signs which were related to acute pancreatitis. Meanwhile, rats which received oral ingestion of thymoquinone showed transient toxicity signs. Two deaths were reported at dose of 500 mg/kg as a result of bowel obstruction complications. The data presented in this study indicate that the route of administration of thymoquinone could have an influence on thymoquinone toxicity outcome in both genders.
Research Paper
Thymoquinone (TQ) is a promising bioactive phytochemical compound which is found in the seeds of Nigella sativa plant [1] . It has recently attracted significant scientific attention due to its potent in vitro and in vivo anticancer and effective antioxidant properties [2, 3] . Although it has a wide range of therapeutic benefits, there is lack of clinical evaluation of TQ in humans and the need for clinical studies to assess its health benefits on human is required [1, 2, 4] . Therefore, toxicity studies are essential and a step to the right direction to provide a solid starting point for further preclinical and clinical evaluation of such an important phytochemical compound. In literature, there is few reported research work describing TQ toxicity signs and symptoms. These include peritonitis and abdominal muscle contractions when TQ was given intraperitoneally (IP) [5, 6] and difficulty in respiration (dyspnoea) when TQ was given orally [6, 7] at different dose frequency exposure (acute, subacute and subchronic) in rats and mice. It was noticed that in this reported research work, the maximum tolerated dose (MTD) of TQ, which is defined as the highest dose that is safe to administer to animal models in the absence of intolerable adverse effects, was not addressed. Furthermore, there was no attempt to explain a possible mechanism of TQ toxicity with IP and oral routes and the effect of gender (male and female) on TQ toxicity was overlooked.
The aim of this study was to find the MTD value for acute exposure of TQ and address the possible mechanism of TQ toxicity using IP and oral routes. In preclinical and clinical toxicology, the gender issue is becoming an important investigation aspect [8, 9] , therefore, the effect of gender on TQ toxicity will be an investigation point in our study. Anatomical and biochemical analysis were implemented to achieve the aim set for our study.
MATERIALS AND METHODS
TQ (2-isopropyl-5-methyl-1,4-benzoquinone) was obtained from Sigma USA. TQ solution was prepared by dissolving in 0.5% dimethyl sulphoxide (DMSO) followed by the addition of olive oil. The solution was diluted using olive oil at different concentrations to allow doses of 20, 30 and 40 mg/kg for IP administration and 200, 300 and 500 mg/kg for oral administration of TQ.
Male and female Wistar albino rats (11-13 weeks old, 170-220 g) were obtained from the Jordan University of Science and Technology (Irbid, Jordan) and housed in the animal house which was properly equipped for animal experiments. Animals were housed at constant humidity and temperature (25±5°) with 12 h light/ dark cycle. Tap water and commercial pellet diet were provided ad libitum. All procedures were carried out under the guidelines of the Animal Ethics Committee of Applied Science University, Amman, Jordan.
Experimental design:
Sixty four male rats and an equal number of female rats were acclimatised for a 5-day period. The test subjects were individually weighed and marked prior to treatment. The reported TQ LD 50 in rats after IP injection was 57.5 mg/kg and after oral ingestion was 794.3 mg/kg [6] , a dose escalation study was initiated on test subjects in accordance with a standard procedure to determine the MTD [10, 11] . The rats were divided into two groups: The first group received acute dose of TQ intraperitoneally and the second group received acute dose of TQ orally. Each group was further subdivided according to the dose level under investigation; 0, 20, 30, 40 mg/kg body weight for IP injection of TQ and 0, 200, 300 and 500 mg/kg body weight for oral ingestion of TQ. Control group was given only 0.5% DMSO and olive oil. Eight male and eight female rats were used in each dose level experiment. Once treatment commenced, the animals were observed for 5 days at 24 h intervals, with necropsies performed at the end of the experiment. Dose levels to be tested were not applied in parallel but were given with 2-4 days between each dose level.
Blood sample collection:
Control and treated rats were sacrificed by cervical dislocation on day five of the experiment and blood was obtained by heart puncture and collected in plain blood sampling tubes. Blood serum samples were snap-frozen in liquid nitrogen for subsequent biochemical analysis.
Glucose level determination:
The glucose level was determined in the whole blood of the control and the treated rats using Glucolab autocoding device (Infopia Co. Ltd., Korea) provided with blood glucose test strips. After 24 h of IP injection or oral ingestion of TQ, rats were kept without food (fasting) for 2 h and by using a needle puncture of the tail, a blood drop was taken to measure blood glucose with the help of Glucolab autocoding device. The values were expressed as units of milligram (mg) per decilitre (dl).
Serum α-amylase levels determination:
The serum α-amylase levels were measured using a commercial kit (Linear Chemicals, Barcelona, Spain). The values were expressed as units of enzyme (U) per litre (l). The method was based on the hydrolysis of the synthetic specific substrate 2-chloro-ρ-nitrophenyl-α-D-maltotrioside (CNP-G3) by α-amylase generating the 2-chloro-ρ-nitrophenol (CNP) the absorbance of which was detected at 405 nm.
Serum triglyceride levels determination:
The serum triglyceride levels were measured using a commercial kit (Biosystems S. A., Barcelona, Spain). The values were expressed as milligram per litre (mg/l) of triglyceride in serum. The method was based on coupled reactions which involved: Lipase, glycerol kinase, glycerol-3-phosphate oxidase, peroxidase, adenosine triphosphate (ATP), 4-chlorophenol and 4-amino antipyrine in piperazine-N,N′-bis(2-ethanesulfonic acid) (PIPES buffer). The reaction ended with the formation of the coloured complex quinoneimine the absorbance of which was detected at 500 nm.
Data analysis:
Statistical analysis was performed using Prism v. 4.01 (GraphPad Software, CA, USA). Glucose data were analysed using Student's t-test, where as ANOVA was used for the analysis of triglyceride and amylase data. Comparisons of toxicity between male and female groups were made according to Chi-Square test. Data were expressed as mean±SEM. P<0.05 was considered statistically significant.
RESULTS
Single IP injection of TQ dose of 20, 30 and 40 mg/kg was given to male and female rats and were observed for 5 days. The majority (26 rats; 81.25%) of male and female rats which received TQ dose of 30 and 40 mg/kg showed TQ-related toxicity signs which appeared within 72 h postdose such as: irritability, lethargy, piloeriction and slight abdominal swelling. Moreover, rats which suffered from toxicity also showed a drop in body weight of about 17.3±4.6 g on the 3
rd and 4 th day of the experiment. On the 5 th day of the experiment, 74% of these rats gained weight of about 5 g and 26% of the rats continued to lose weight. Regarding TQ dose of 20 mg/kg, 25% of female rats which received the dose showed TQ-related toxicity signs mentioned above whereas none of the male rats showed these signs (Table 1) . Therefore, according to the guidelines for determining MTD [10] [11] [12] , the TQ dose of 22.5 mg/ kg is MTD for IP injection in male rats and the TQ dose of 15 mg/kg is MTD for IP injection in female rats. All control and treated male and female rats of all dose levels were sacrificed in the morning of day five of the experiment and macroscopic examination of body organs was carried out. More than 50% of the treated rats showed numerous fibrous and fibrinous adhesions between various organs as well as adhesions between organs and the body wall. Fat necrosis was observed in the transverse mesocolon or in the mesentery ( fig. 1a) . Moreover, the peritoneal cavity contained a large volume of blood stained fluid.
Single oral ingestion of TQ dose of 200, 300 and 500 mg/kg was given to male and female rats and were observed for 5 days. Signs of weight loss, diarrhoea, hypoactivity, slight abdominal distention and shortage of breath (dyspnoea) were observed in 34% of the rats which received 300 and 500 mg/kg within the 48 h postdose. Thereafter, rats regained weight and the toxicity signs started to disappear until the 5 th day of the experiment. It was noticed that there was a difference in the incident of these TQ-related toxicity signs between male and female rats ( Table 2 ). This could be due to drug disposition differences between both genders [13] . One male and one female rat at a dose of 500 mg/kg showed remarkable signs of discomfort, hypoactivity, irritability, abdominal distention and dyspnoea within 48 h postdose and died soon afterwards. Luckily this incident happened under close observation and in an attempt to find an explanation, both rats were quickly laparotomised and it was found that the bowel (mainly the small intestine) was dilated and the other vital organs were normal ( fig. 1b) . Regarding rats which received 200 mg/kg, male and female rats showed no signs of toxicity. It can be concluded that the MTD for the oral ingestion of TQ in both male and female rats was 250 mg/kg. On day five of the experiment, all sixty two male and female rats of all dose levels were sacrificed and macroscopic examination of body organs was carried out. The vital visceral organs (heart, lungs, liver and kidneys) and the peritoneum were found to be normal without any apparent sign of damage or necrosis.
Determination of blood glucose level and biochemical analysis of serum amylase and triglycerides were carried out and results are as follows:
Glucose level: IP injection of TQ caused a significant reduction in blood glucose level (hypoglycaemia) in one-half (50%) of the male and female rats which were found to suffer from toxicity (Table 3) and insignificant reduction in the other 50% when compared with the control. In case of oral ingestion of TQ, all treated male and female rats of all dose levels showed no blood glucose reduction when compared with the control.
Triglyceride level: In all IP-treated male and female rats which were found to suffer from toxicity, there was a significant elevation in triglyceride levels which indicated hyperlipidaemia (Table 3) . Normal triglyceride level was recorded with rats which received TQ orally.
Amylase level: In all IP-treated male and female rats which were found to suffer from toxicity, there was a significant elevation in amylase levels which indicated pancreatitis (Table 3) . Normal amylase level was recorded with rats which received TQ orally.
DISCUSSION
The toxicity signs observed in rats which received IP injection of TQ were body weight loss and signs of diffuse inflammation such as fibrin deposition and the adhesiveness of visceral organs as well as the presence of blood stained fluids in peritoneal cavity (peritoneal effusion). These toxicity signs are indicators of generalised peritonitis [14] . Leakage of pancreatic enzymes into the peritoneal cavity is one of the major causes of the generalised peritonitis [14] . Therefore, male and female rats which showed signs of toxicity first developed acute pancreatitis followed by generalised peritonitis. This was confirmed by a significant increase in serum amylase level measured and also fat necrosis which was observed in the transverse mesocolon or in the mesentery. The link between the IP injection of TQ and the development of acute pancreatitis has to be clarified. There are many published research reporting the hypoglycaemic effect of TQ [15, 16] . Accordingly, blood glucose level was measured for male and female rats which showed signs of toxicity and a significant reduction (P<0.05) in blood glucose was observed in one-half (50%) of these rats after 24 h postdose. This could lead to the assumption that all male and female rats which were found to suffer from toxicity experienced reduction in blood glucose level sometimes during the 24 h postdose. Subsequently, one-half (50%) of rats recovered with an insignificant blood glucose level and the other half stayed hypoglycaemic. TQ effect on blood glucose was explained to involve No toxicity observed with male rats at TQ dose of 20 mg/kg (refer Table 1 ) many proposed mechanisms one of which suggests that TQ enhances and stimulates glucose uptake and utilization by peripheral tissues suggesting an extrapancreatic effect in reducing glucose levels in blood circulation [17, 18] . Low blood glucose level for a long period of time could induce lipolysis [19, 20] . Furthermore, Al-Naqeeb and Ismail [21] reported that TQ was effective in regulating Apolipoprotein A-1 and Apolipoprotein B100 gene expression in human hepatic cell lines. These physiological effects of TQ has explain the elevated triglyceride levels (hyperlipedimia) detected in rats which showed signs of toxicity (Table 3 ). In literature, the relationship between hyperlipidaemia and acute pancreatitis was reported [22, 23] . This has lead us to conclude that acute pancreatitis which was observed in rats which showed toxicity was a result of hyperlipedaemia induced by the IP injection of TQ. It is worth mentioning that no death occurred during the 5-day period of the experiment which could indicate that rats suffered from interstitial acute pancreatitis which is a mild nonlife threatening form of pancreatitis [24] .
TABLE 3: LEVEL OF MEASURED BLOOD GLUCOSTE (mg/dL), SERUM TRIGLYCERIDE (mg/L) AND SERUM AMYLASE (U/L) FOR IP TREATED MALE AND FEMALE RATS WHICH SHOWED TOXICITY (n=28) IN ALL DOSE LEVELS
With respect to rats which received oral ingestion of TQ, data collected from experimental observations and analysis suggest that single oral ingestion of TQ in doses lower than 500 mg/kg body weight could be nonlethal. Signs of transient toxicity observed with 300 and 500 mg/kg such as weight loss, slight abdominal distention and dyspnoea could be due to an indirect effect of oral ingestion of TQ on the bowel and lungs. One of the possible explanations for the abdominal distention observed is TQ like other quinone derivatives, is considered as a redox-cycler which is metabolised in vivo to hydroquinone or semiquinone radicals by enzymatic or nonenzymatic reactions leading to the generation of superoxide anion radicals [25, 26] . It is documented that free radicals could be involved in inflammation [27] . Superoxide and hydrogen peroxide increases mucosal and vascular permeability and are involved in the recruitment and activation of neutrophils [27] . This could cause lymphoid hyperplasia involving the Peyer's patches which are usually found in ileum, the lowest portion of the small intestine. The enlargement of Peyer's patches could disturb the myenteric plexus nerve function which is responsible for gastrointestinal tract motility causing loss of the intestinal peristaltic movement (adynamic ileus) and bowel obstruction. This leads to the accumulation of gas and fluids inside the lumen of the intestine causing intestinal dilatation. This progressive accumulation of gas and fluids inside the lumen leads to third spacing of fluid, electrolytes and proteins resulting in dehydration and hypovolemia due to volume depletion and electrolyte disturbances [28] . Moreover, the abdominal distention could cause increased abdominal pressure on the diaphragm leading to compromised ventilation and dyspnoea. Therefore, it can be assumed that rats which suffered from toxicity due to single oral TQ dose of 300 and 500 mg/kg developed adynamic ileus within 48 h and recovered until the 5 th day of the experiment. Regarding male and female rats which died earlier on the 3 rd day of the experiment, they could not tolerate the complications of adynamic ileus represented by either hypotension and shock or dyspnoea.
TQ was pharmacologically tested against many disease models in vivo in which oral ingestion of TQ was the main route of administration [29] . Therefore, the determination of MTD for the oral ingestion of TQ was required and it was 250 mg/kg for the acute dose of TQ. Regarding subacute and subchronic dose administration of TQ, it was noticed that a large number of studies used oral TQ dose in the range of 10-100 mg/kg body weight without any reported toxicity or deaths [7, [30] [31] [32] [33] [34] [35] [36] . Presumably, the MTD level would be 100 mg/kg which is in agreement with initial observations (data not published) which suggest MTD around the above dose level.
The relationship between gender difference and TQ toxicity was statistically assessed in this study. Although the toxicity incidence in both IP and oral administration seemed to be higher among female rats than male rats, this difference was not statistically significant. In this regard, the data presented can be considered as a preliminary evaluation of potential relationship between gender difference and TQ toxicity and further experimentation is required to unequivocally establish this relationship.
The present study discusses valuable information about TQ toxicity in Wistar rats which could add up to what is published in literature: (1) Determine the maximum toxic dose for single IP injection and oral ingestion of TQ in male and female rats. (2) Provide possible mechanism of TQ toxicity with IP injection and oral ingestion of TQ which requires further histopathological evaluation. The toxicity response differs in both IP injection and oral ingestion of TQ which can be explained by the fact that IP injection results in complete absorption of TQ into systemic circulation, whereas with oral ingestion, TQ is biotransformed in gastrointestinal tract or metabolised in the liver.
